Intensity of climate variability derived from the satellite and MERRA reanalysis temperatures: AO, ENSO, and QBO  by Yoo, Jung-Moon et al.
Journal of Atmospheric and Solar-Terrestrial Physics 95-96 (2013) 15–27Contents lists available at SciVerse ScienceDirectJournal of Atmospheric and Solar-Terrestrial Physics1364-68
http://d
n Corr
E-mjournal homepage: www.elsevier.com/locate/jastpIntensity of climate variability derived from the satellite and MERRA
reanalysis temperatures: AO, ENSO, and QBO
Jung-Moon Yoo a,n, Young-In Won b, Myeong-Jae Jeong c, Kyu-Myong Kimd,
Dong-Bin Shin e, Yu-Ri Lee a,e, Young-Jun Cho e
a Dept. of Science Education, Ewha Womans University, Seoul 120-750, Republic of Korea
b Wyle IS, NASA/GSFC, Greenbelt, MD 20771, USA
c Dept. of Atmospheric and Environmental Sciences, Gangneung-Wonju National University, Gangwondo 210-702, Republic of Korea
d Morgan State University, Baltimore, MD 21251, USA
e Dept. of Atmospheric Sciences, Yonsei University, Seoul 120-749, Republic of Koreaa r t i c l e i n f o
Article history:
Received 14 June 2012
Received in revised form
12 November 2012
Accepted 6 January 2013







QBO26 & 2013 Elsevier Ltd.
x.doi.org/10.1016/j.jastp.2013.01.002
esponding author. Tel.: þ82 2 3277 2710; fax
ail address: yjm@ewha.ac.kr (J.-M. Yoo).
Open access under CC Ba b s t r a c t
Satellite measurements (Atmospheric InfraRed Sounder/Advanced Microwave Sounding Unit-A, MOD-
erate resolution Imaging Spectroradiometer) and the Modern Era Retrospective-analysis for Research
and Applications (MERRA) reanalysis have been utilized to analyze the relative inﬂuence of the climate
variability (AO: Arctic Oscillation, ENSO: El Nin˜o-Southern Oscillation, QBO: Quasi-Biennial Oscillation)
on the zonal-mean temperature and wind variations over the globe from September 2002 to
August 2011. We also extended the usage of MERRA data for the period of 1979–2011; furthermore,
three climate indices of AO, NINO3.4, and QBO were used as the corresponding climate indicators. The
correlations between the temperature anomalies and the climate indices indicate that the tropospheric
temperature variability in the mid-latitude (30–60N) linked to both AO and ENSO has been more
pronounced over ocean than over land. However, the low stratospheric temperature variability in the
mid-latitude is mainly associated with ENSO and QBO. The north–south symmetric patterns over the
globe are seen in the wind anomaly distributions for ENSO and QBO, but not for AO. The ENSO events
are globally vigorous but also localized during the recent 9 years compared with those based on the
period of 1979–2011. The tropospheric warming and stratospheric cooling phenomena during this
period are more remarkable in the recent 9 years, although according to IPCC (2012). their linkage to
the ENSO variability is still uncertain. The ENSO is found to have more signiﬁcant impact on the
tropospheric and low stratosphere temperature variability over the tropics in the recent period,
consistent with more active zonal wind meridional circulations. The discrepancies between satellite
observations and MERRA are also discussed. The estimated relative impact of the three major
concurrent large-scale climate phenomena on regional temperature variability can be of great use in
its long-term predictability.
& 2013 Elsevier Ltd. Open access under CC BY-NC-ND license. 1. Introduction
Major sources of interannual variability in the atmospheric
circulation over the globe are the El Nin˜o-Southern Oscillation
(ENSO) and the Arctic Oscillation (AO), particularly in the boreal
winter (Yadav et al., 2009), and the Quasi-Biennial Oscillation
(QBO). Numerous research papers have demonstrated atmo-
spheric variability in connection with ENSO over the globe (e.g.,
Philander, 1990; Trenberth and Hurrell, 1994; Zhang et al., 1997;
Yang et al., 2002; Bro¨nnimann, 2007, Manzini, 2009), AO (e.g.,
Thompson and Wallace, 1998, 2000; Thompson et al., 2000;: þ82 2 3277 2684.
Y-NC-ND license. Wallace, 2000), and QBO (e.g., Holton and Tan, 1980; Labitzke
and van Loon, 1988; Salby et al., 1997; Randel et al., 1999;
Baldwin and Dunkerton, 2001). ENSO is a coupled ocean–
atmosphere phenomenon inﬂuencing tropical and extra-tropical
regions through atmospheric oscillations and teleconnections
(e.g., WMO, 2010). The AO is deﬁned as the difference in the
sea level pressure (SLP) between the northern hemispheric
mid-latitudes and the Arctic; it is also a ‘positive phase’ with
relatively high pressure over the former region (e.g., Wallace,
2000; WMO, 2010). The ENSO and AO are known to cause the
largest climate perturbations (Jevrejeva et al., 2003), and gener-
ally have a great impact on the mid-latitude climate in the
troposphere and low stratosphere, together with the role of
QBO in the upper atmosphere. The QBO is an interannual
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stratosphere with an approximate 2-year periodicity (e.g., Randel
et al., 1999), and the observed QBO characteristics have been
described by Holton (2004). Most of the earlier studies on climate
change concentrated on surface variables (e.g., temperature and
wind) that are important to human beings (Trenberth and Hurrell,
1994). Therefore, understanding the temporal and spatial rela-
tionship of the three major phenomena and the estimation of
their relative impacts in terms of some meteorological variables
(i.e., temperature and wind) are essential in explaining the
climatic variability over the globe.
Variations in the atmospheric and surface temperatures are
the basis of studying the intensity of the global climate changes,
as shown in previous studies (IPCC, 2012). According to the model
intercomparison by Scaife et al. (2009), climate models are able to
reproduce both the Southern Oscillation (SO) and global warming
to some extent; however, they are not able to reproduce the
North Atlantic Oscillation (NAO). The NAO and AO have been
considered to be the representation of the same basic phenomena
(Wallace, 2000; Yadav et al., 2009). Scaife et al. (2009) suggested
that poor NAO simulation from climate models is possibly due
to the lack of troposphere–stratosphere interactions. In order
to better understand and conﬁrm the important climate phenom-
ena, reliable and consistent temperature observations are
required in various vertical layers, such as the mid-troposphere
(500 hPa) and low stratosphere (50 hPa) as well as in the
surface skin (hereafter called ‘skin’). In this study, satellite-
derived temperature data of the three layers over the globe from
the past 9 years (September 2002 to August 2011; Case 1) are
utilized, based on the data of the Atmospheric Infrared Sounder
(AIRS)/the Advanced Microwave Sounding Unit-A (AMSU-A; here-
after named AMSU) (e.g., Susskind et al., 2003; Mostovoy et al.,
2005) and MODerate-resolution Imaging Spectroradiometer
(MODIS). We further exploited the model Modern-Era Retro-
spective Analysis for Research and Applications (MERRA) reana-
lysis during the 33 year period (January 1979–December 2011;
Case 2). We can check the effect of satellite data (AIRS/AMSU and
MODIS) assimilation on the climate analysis by comparing the
results for the two periods.
In the global domain, the relative inﬂuence of the three major
climate phenomena (AO, ENSO, and QBO) on the monthly mean
temperature variations has been poorly known. Because of the
importance as indicators for thermal variability in the climate
system, the climate indices related to the three phenomena
can be utilized to understand the long-term predictability for
temperature and their impact on climate change together with
the model simulations (e.g., Scaife et al., 2009; Ineson and
Scaife, 2009). Speciﬁcally, to better understand the global rela-
tionship between thermal and climate variability, it is necessary
to investigate the correlation (or regression) of time series
between monthly zonal-mean temperature (or wind) anomalies
and climate indices, in connection with the AO (e.g., Thompson
and Wallace, 2000; Thompson et al., 2000), ENSO, and QBO.Table 1
The list of satellite data used in this study. The data cover the period from September 20
(observation), LST (Land Surface-skin Temperature), MODIS (MODerate resolution Imag
AMSU (Advanced Microwave Sounding Unit), SST (Sea Surface-skin Temperature), and
OBS temperature Temp type Area Spatial resolution Number of OBS
MODIS LST Skin Globe 5 km5 km 2/day
MODIS SST Skin Globe 4 km4 km 2/day
AMSU temp proﬁle
at 24 levels
Air Globe 1111 2/day
AIRS/AMSU skin temp Skin Globe 1111 2/dayIn this paper, we address the relative impacts of the three
phenomena in terms of zonal-mean temperature and wind
variability using the MERRA reanalysis (Rienecker et al., 2011)
during Case 2 as well as the satellite data for Case 1. The MERRA
was obtained from the state-of-the-art global data assimilation
systems which are suitable for climatological studies. The com-
parison in temperature variability between the two periods is
important, for instance, because the frequency and intensity of
the ENSO events have changed with time (Mu¨ller and Roeckner,
2006; Bro¨nnimann, 2007; Yeh et al., 2009; Lee and McPhaden,
2010). Furthermore, the ENSO impact on mid-latitude circulation
patterns and the NAO variability is expected to be more pro-
nounced in the future winter climate, based on the experiments
of a coupled atmosphere-ocean climate model (Mu¨ller and
Roeckner, 2006).
This paper is presented as follows. In Section 2, the data and
method are described, introducing satellite observations and the
MERRA reanalysis. The climate variability based on the two
datasets is described in Sections 3 and 4, respectively. Tropo-
spheric and stratospheric temperature trends from the MERRA
in relation to the climate variability are shown in Section 5.
The discrepancies between satellite and MERRA data are dis-
cussed in Section 6. Conclusions are presented in Section 7.2. Data and method
For Case 1, we used four satellite-observed datasets taken over
the globe (Table 1). The satellite data from AIRS/AMSU were
utilized to examine skin temperatures. In addition, we analyzed
skin temperatures from the MODIS observations. The AMSU
temperature data at the heights of 500 hPa and 50 hPa were also
used to analyze the thermal state of mid-troposphere and low
stratosphere, respectively (e.g., Olsen, 2007). The MODIS data,
which have a higher spatial resolution than the one from the
AIRS/AMSU data, have been rearranged in the same grid of 1111
(100 km100 km) for comparison of the two datasets over the
globe. The spatial resolutions of the MODIS land and ocean
surface skin temperature are 5 km5 km and 4 km4 km,
respectively. Since the high resolution MODIS data are converted
into the low resolution for the comparison, there is no impact due
to rebinning the grid on our analysis. According to Lee et al.
(2012), the two datasets on a 1111 grid are in agreement
within 1.7 K in the 50N–50S region on an annual average basis.
In this study, annual and seasonal cycles were removed by using
monthly mean temperature anomalies in order to correlate the
temperature and climate indices.
The satellite Level 3 (L3) gridded data obtained from radio-
meter measurements of MODIS and AIRS/AMSU-A (hereafter
AMSU-A named AMSU) onboard the EOS Aqua satellites were
utilized in this study. The polar orbiting Aqua satellite, which
provides observational data twice a day, has Local Equatorial
Crossing Times (LECTs) of 1:30 am (descending) and 1:30 pm02 to August 2011 (Case 1). The abbreviations and explanations are as follows: OBS
ing Spectroradiometer), temp (temperature), AIRS (Atmospheric InfraRed Sounder),
LECT (Local Equatorial Crossing Time).
Satellite sensor LECT Abbreviation References
Aqua MODIS 01:30/13:30 Tskin (MODIS _LST) Wan (2009),
Coll et al. (2009)
Aqua MODIS 01:30/13:30 Tskin (MODIS _SST)
Aqua AMSU-A 01:30/13:30 T(AMSU) Olsen (2007)
Aqua AIRS/AMSU-A 01:30/13:30 Tskin (AIRS/AMSU) Olsen (2007)
J.-M. Yoo et al. / Journal of Atmospheric and Solar-Terrestrial Physics 95-96 (2013) 15–27 17(ascending). L3 products of AIRS/AMSU (AIRX3STM) and MODIS
have been derived from Version 5 retrieval algorithm (e.g., Olsen,
2007 for AIRS/AMSU; Wan, 2009 for the MODIS Land Surface
Temperature). AMSU is composed of 12 channels within the
50–60 GHz portion of the oxygen band for thermal information
(Chahine et al., 2001). The AIRS/AMSU data have a resolution of
1111 over both land and ocean. According to the AIRS document
(Harris, 2007), the AIRS/AMSU monthly L3 products can be used
for an analysis of long-term climate trend with the lowest
possible systematic errors. On the other hand, the MODIS data
have spatial resolutions of 5 km5 km over land and 4 km
4 km over ocean (e.g., Wan, 2005, 2009; Wang et al., 2008; Coll
et al., 2009). MODIS data products used in our study are as
follows: L3 version 5 monthly Land Surface Temperature (LST)
data as MYD11C3.5, and Ocean L3 version 4 Standard Mapped
Image (SMI) data for Sea Surface Temperature (SST). The AIRS/
AMSU instrument has been designed to obtain mean tempera-
tures for tropospheric layers with 1 km thickness at an accuracy
of 1 K (e.g., Olsen, 2007), while the accuracy of the MODIS LST
is better than 1 K for the clear-sky condition (Wan et al., 2004).
The satellite-observed trend estimates have been veriﬁed
with independent ground-based measurements from surface-
stations, buoy, and radiosondes around the Korean Peninsula
(Yoo et al., 2011).
MERRA, developed by the Global Modeling and Assimilation
Ofﬁce (GMAO) of NASA, is a satellite era reanalysis. The Goddard
Earth Observing System Version 5 (GEOS-5) is the assimilation
system used to produce MERRA data that span the period of
January 1979–present. Besides the conventional data sources,Table 2
Correlation coefﬁcients in the monthly anomaly time series between satellite-derived t
indices (AO, NINO3.4, QBO) over seven global regions from September 2002 to August 2







Ocean Land Ocean &
land
Ocean
AO 60N–90N 0.028 0.021 0.023 0.099 0.204n
30N–60N 0.370nn 0.178 0.349nn 0.296nn 0.340nn
Equator–
30N
0.484nn 0.254nn 0.549nn 0.408nn 0.195n
Equator–
30S
0.254nn 0.220n 0.202n 0.178 0.180
30S–60S 0.028 0.049 0.081 0.146 0.160
60S–90S 0.186 0.103 0.178 0.087 0.009
Globe 0.153 0.200n 0.048 0.139 0.244n
NINO 3.4 60N–90N 0.039 0.057 0.056 0.111 0.155
30N–60N 0.221n 0.171 0.187 0.174 0.333nn
Equator-
30N
0.654nn 0.802nn 0.205n 0.683nn 0.797nn
Equator–
30S
0.655nn 0.690nn 0.368nn 0.616nn 0.630nn
30S–60S 0.210n 0.208n 0.001 0.164 0.247n
60S–90S 0.244n 0.502nn 0.177 0.225n 0.299nn
Globe 0.436nn 0.646nn 0.079 0.400nn 0.566nn
QBO 60N–90N 0.122 0.046 0.140 0.101 0.078
30N–60N 0.088 0.130 0.141 0.092 0.053
Equator–
30N
0.120 0.145 0.041 0.123 0.107
Equator–
30S
0.104 0.214n 0.071 0.001 0.076
30S–60S 0.500nn 0.475nn 0.080 0.009 0.039
60S–90S 0.183 0.099 0.175 0.101 0.049
Globe 0.167 0.395nn 0.085 0.017 0.039
Note: Level of signiﬁcance (p).
n po0.05 (r¼0.190, df¼106).
nn po0.01 (r¼0.248, df¼106).such as weather stations, balloons, aircraft, ships, and buoys,
observational inputs to MERRA include satellite data such as
TIROS Operational Vertical Sounder (TOVS) radiances, Aqua/
Atmospheric Infrared Sounder (AIRS) radiances, Special Sensor
Microwave Imager (SSM/I) radiances, Geostationary Operational
Environmental Satellites (GOES) sounder bright temperatures,
and the Solar Backscatter Ultraviolet instrument (SBUV/2) ozone
(Rienecker et al., 2011). The MERRA reanalysis is performed at the
native horizontal resolution of 21/31 longitude by 0.51 latitude,
and at 72 levels up to 0.01 hPa (Rienecker et al., 2011). We used
monthly assimilated ﬁelds of atmospheric temperatures and winds
from the implementation of the Incremental Analysis Update (IAU;
Bloom et al., 1996) corrector, which are provided at a reduced
horizontal resolution of 1.251 by 1.251 at 42 pressure levels.
For the correlation analysis between thermal and climate
variability, we utilized the AO (NOAA, 2011a; Thompson and
Wallace, 1998), NINO3.4 (NOAA, 2011b; Bro¨nnimann, 2007) and
QBO at 50 hPa indices as the atmospheric components of AO,
ENSO, and QBO (NOAA, 2011c), respectively. Here, the thermal
variability was derived from both satellite observations and the
MERRA reanalysis. The AO is characterized by the leading Empiri-
cal Orthogonal Function (EOF) mode of the northern hemisphere
sea-level pressure (Fyfe et al., 1999) whereas the NINO3.4 index
represents the average SST anomaly over the region (120–170W,
5N–5S) (e.g., Mu¨ller and Roeckner, 2006). In this study, the three
climate indices during the periods of Cases 1 and 2 were obtained
from NOAA.
In this study, we used the linear correlation method in order to
examine the inter-relationship between temperature and climateemperature at three different heights (skin, 500 hPa, 50 hPa) and at three climate
011 (Case 1). The coefﬁcients were calculated over three separate regions of ‘Ocean
f ‘Arctic Oscillation’, ‘ENSO’, and ‘Quasi-Biennial Oscillation at 50 hPa, respectively.
T500 hPa T50 hPa
Land Ocean &
land
Ocean Land Ocean &
land
Ocean Land
0.005 0.489nn 0.489nn 0.365nn 0.181 0.153 0.218n
0.270nn 0.279nn 0.255nn 0.226n 0.139 0.030 0.231n
0.466nn 0.099 0.125 0.013 0.263nn 0.263nn 0.251nn
0.139 0.098 0.097 0.085 0.292nn 0.289nn 0.300nn
0.063 0.005 0.000 0.047 0.009 0.009 0.006
0.122 0.196n 0.205n 0.162 0.050 0.065 0.034
0.037 0.105 0.120 0.047 0.240n 0.360nn 0.082
0.047 0.143 0.173 0.075 0.070 0.038 0.117
0.129 0.195n 0.247n 0.098 0.491nn 0.440nn 0.476nn
0.370nn 0.580nn 0.672nn 0.102 0.262nn 0.307nn 0.115
0.452nn 0.448nn 0.513nn 0.159 0.473nn 0.482nn 0.440nn
0.274nn 0.165 0.172 0.009 0.292nn 0.293nn 0.144
0.119 0.264nn 0.309nn 0.193n 0.225n 0.192n 0.241n
0.193n 0.334nn 0.406nn 0.096 0.047 0.176 0.367nn
0.090 0.051 0.039 0.050 0.112 0.122 0.094
0.105 0.203n 0.179 0.171 0.436nn 0.419nn 0.395nn
0.101 0.015 0.067 0.150 0.311nn 0.306nn 0.312nn
0.065 0.060 0.087 0.040 0.164 0.158 0.183
0.109 0.170 0.175 0.005 0.216n 0.218n 0.099
0.107 0.135 0.070 0.167 0.111 0.127 0.092
0.049 0.065 0.040 0.097 0.426nn 0.311nn 0.364nn
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is used for analyzing the inﬂuence of each climate index on wind
(e.g., von Storch and Zwiers, 1999). The main purpose of this
study is to address the relationship between temperature and the
climate indices. In addition, the regression analyses of wind on
each climate index have been utilized to additionally support the
issue. The method we used in this study, simultaneous correla-
tion/regression only reveals the linear relations. Lead/lag relation
is not considered here. Thus, ‘‘relative impacts’’ means which
index shows most strong linear correlation/co-variation.Fig. 1. The correlation coefﬁcients between satellite-derived monthly zonal-mean
temperature anomalies and the climate indices of the (a) Arctic Oscillation (AO),
(b) ENSO (NINO 3.4), and (c) Quasi-Biennial Oscillation (QBO) at 50 hPa over the
zonal belts and globe during the period from September 2002 to August 2011.
The temperatures have been calculated at each 301 latitude belt from four types of
satellite data as follows: MODIS skin temperature (red cross), AIRS/AMSU skin
temperature (green asterisk), AMSU mid-tropospheric temperature at 500 hPa
(blue triangle), and AMSU low stratospheric temperature at 50 hPa (black square).
Also, correlations between the global monthly mean temperature and the indices
are provided. The 5% and 1% signiﬁcance levels are presented as dotted and solid
lines, respectively. (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)3. Correlation between satellite-derived temperatures
and climate indices
The values of the correlation coefﬁcient (CC) in the monthly
zonal-mean anomaly time series between satellite-derived tem-
peratures and climate indices (i.e., AO, NINO3.4, and the QBO at
50 hPa) were examined in order to analyze the temperature
variations for Case 1, linked to the climate variability at the three
vertical layers (skin, mid-troposphere, low stratosphere) over
seven global areas divided by latitudes (Table 2). Here the ‘n’
and ‘nn’ symbols indicate statistically signiﬁcant cases at the 95%
and 99% conﬁdence levels respectively. The coefﬁcients were also
calculated over three separate areas of ‘Ocean and Land’, ‘Ocean’,
and ‘Land’, respectively. Fig. 1 is a graphical representation of
Table 2 for the case of ‘Ocean and Land’ only.
From the statistical analysis of satellite temperature variation
with climate indices, it is found that in the mid-latitude (30–60N)
of the northern hemisphere (NH), AO and ENSO have more
signiﬁcant inﬂuence on the layers from skin to mid-troposphere
(500 hPa) over ocean than over land (Table 2 and Figs. 1 and 7).
On the other hand, ENSO and QBO are more pronounced in the
low stratosphere without reﬂecting the surface boundary effect
(Table 2). The surface oceanic effect in the troposphere is
expected due to the contributions of the Paciﬁc/North American
(PNA; Horel and Wallace, 1981) index in the Paciﬁc for ENSO
(Fig. 7b and e) and the NAO index in the Atlantic for AO (Fig. 7a
and d), respectively. In the NH mid-latitude belt (Ocean and
Land), the correlations between the satellite-derived temperature
and AO are found to be positive (r¼0.28–0.37 signiﬁcant at the
99% conﬁdence interval) from the skin to mid-troposphere, and
negative (r¼0.14 not signiﬁcant) in the low stratosphere
(Fig. 1a and Table 2). The AO has the largest impact on skin
temperatures in the NH tropics, particularly in the land region
(r¼0.47–0.55); however, this tendency is not clear in the
mid-troposphere (Table 2).
In the low stratosphere over the NH mid-latitude (Ocean and
Land), the satellite-derived temperatures are highly correlated
with ENSO (r¼0.49) and QBO (r¼0.44) (Table 2 and Fig. 1b and c).
The positive CC in the low stratosphere of the NH mid-latitude
during ENSO is consistent with Manzini (2009), who explained
the correlation in terms of the relationship between ozone and
temperature, together with the planetary waves emerging from
the troposphere into the stratosphere during northern winter.
According to Manzini (2006, 2009), the large scale, extratropical
tropospheric response to ENSO also enhances planetary wave
propagation from the troposphere into the stratosphere, resulting
in the warming over the high latitudes of both hemispheres.
The dynamical connection between the ENSO and the low strato-
sphere over the high latitudes in both hemispheres during the
winter was also suggested by Manzini (2009), and its effect was
shown to be more signiﬁcant in the North Pole than in the NH
mid-latitude. However, the effect is not substantial in the North
Pole in this study probably due to the use of data for the whole
months of each year, not focusing just on the winter months(Fig. 1b). In our study, the effect of ENSO in the low stratosphere
occurs globally in a symmetric pattern with respect to the
equator, showing a signiﬁcant CC value (r¼0.29) over the
30–60S latitude band.
The meridional CC variations of the temperature versus three
climate indices in the tropospheric layers (i.e., skin and mid-
troposphere) are generally out of phase with those in the low
stratosphere, indicating the coupling between troposphere and
stratosphere. In particular, the coupling and teleconnections
during the ENSO have been reviewed and presented by numerous
studies in literature (e.g., Bro¨nnimann et al., 2004; Bro¨nnimann,
2007; Manzini, 2009; Ineson and Scaife, 2009; Cagnazzo and
Manzini, 2009; Randel et al., 2009; IPCC, 2012). According to the
review of Bro¨nnimann (2007), the increase of planetary wave
activity entering from the troposphere to the stratosphere decele-
rates the zonal mean ﬂow and accelerates the poleward ﬂow
during El Nin˜o winters, leading to an enhanced Brewer–Dobson
Fig. 2. Correlation coefﬁcients between monthly zonal-mean temperature anomalies and the (a) AO, (b) NINO3.4, and (c) QBO at 50 hPa indices, based on the MERRA
reanalysis data over the globe from September 2002 to August 2011 (Case 1). White solid (dashed) lines stand for positive (negative) correlation coefﬁcients at the 5%
signiﬁcance level. (d)—(f) Same as in Fig. 2(a)–(c), but for the period from January 1979 to December 2011 (Case 2).
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polar region. In the teleconnection, the role of ozone concentra-
tions on the stratospheric temperature trends has been discussed
by Randel and Cobb (1994), Randel et al. (2009), Ramaswamy
et al. (2001), and Bro¨nnimann et al. (2004).
Although the ENSO effect on the skin and mid-tropospheric
temperatures in the NH mid-latitude of ‘Ocean and Land’ is weak
(r¼0.17–0.22) compared to that of the AO (r¼0.28–0.37), the
cases of Tskin(MODIS) and T500 hPa(AMSU) are still signiﬁcant at
the 95% signiﬁcance level. Here, Tskin(MODIS) and T500 hPa(AMSU)
represent MODIS skin temperature and AMSU mid-troposphere
(i.e., 500 hPa) temperature, respectively (see also Table 1).
In summary, the tropospheric temperature variation in the NHmid-latitude is linked primarily to AO, and secondarily to ENSO
and QBO suggesting the considerable effect of surface oceanic
boundary for the ENSO and AO cases. These results suggest that
the climate indices in the latitude belt should be utilized as
indicators for long-term thermal variability with teleconnections
of the above major climate events.
The thermal variability in the three atmospheric layers (skin,
mid-troposphere, low stratosphere) over the ‘Ocean and Land’ of
the tropics (30N–30S) has been substantially affected by ENSO
(Table 2 and Fig. 1b), as noted in earlier studies (e.g., Trenberth
and Hurrell, 1994; Zhang et al., 1997; IPCC, 2012). In these
studies, the teleconnections for ENSO are more remarkable over
ocean than over land. This tendency is clear in the AIRS/AMSU
J.-M. Yoo et al. / Journal of Atmospheric and Solar-Terrestrial Physics 95-96 (2013) 15–2720surface temperature (Tsfc) in our study, as depicted in Table 2.
Note that over the tropics north of the equator, AO inﬂuences
signiﬁcantly at the 99% level on thermal variability of the skin and
the low stratosphere but not for the mid-troposphere (Fig. 1a).
In addition, during the recent 9 years, the AO and ENSO
phenomena have affected the tropospheric and low stratospheric
thermal states, respectively, in temperature variability over the
NH mid-latitude. Since the troposphere and the low stratosphere
in the mid-latitudes interact with each other through upward
propagating Rossby waves, depending on the low stratospheric
polar vortex (Thompson and Wallace, 1998; Wallace, 2000; Liu
et al., 2004; Bond and Harrison, 2006; Cagnazzo and Manzini,
2009; Cohen et al., 2010; Scaife, 2010), the dynamical relationship
between AO and ENSO has to be understood in order to predict
thermal trends more accurately in the mid-latitude. Possible
mechanisms in the interaction between the ENSO and NAO over
the Atlantic Ocean have been discussed by Mu¨ller and Roeckner
(2006). As mentioned in previous studies (Holton and Tan, 1980;
Holton, 2004), the QBO remarkably inﬂuences the low strato-
sphere over the globe, particularly in the NH tropics and mid-
latitude (Table 2).4. Temperature and wind variability from the MERRA
reanalysis
In order to examine the differences in thermal characteristics
associated with the interannual climate variations of the AO,
ENSO, and QBO, we constructed the CC between monthly zonal-
mean temperature anomalies and climate indices during the
periods of Cases 1 and 2, respectively; the ﬁrst dataset corre-
sponds to the overlapping period with the satellite data, i.e.,
September 2002 to August 2011 (Fig. 2a–c), and the second
corresponds to the entire duration of the reanalysis data from
January 1979 to December 2010 (Fig. 2d–f). The distinctive
features in the CC patterns due to temperature variability in the
two periods are expected to provide further insight into the
interannual changes observed in the relationships. The thermal
circulation with climate variability can be analyzed better by
utilizing both temperature correlation and wind regression with
respect to climate indices, as shown by previous studies (e.g.,
Thompson and Wallace, 2000; Thompson et al., 2000). The
regression relationship between monthly zonal-mean zonal wind
anomalies and the indices in the meridional distribution has also
been portrayed in Fig. 3. Positive and negative CC (or regression)
threshold values signiﬁcant at the 0.05 (or 95%) level are plotted
with solid and dashed white contours, respectively.
The CC values in the anomaly time series between MERRA
temperature and climate indices indicate that tropospheric tem-
perature variability in the mid-latitude (30–60N) is linked to both
the AO and the ENSO (Fig. 2a,b and d,e). However, the low
stratospheric temperature in the latitudinal belt is mainly asso-
ciated with ENSO and QBO, respectively (Fig. 2b,c and e,f).
The warm anomalies in the troposphere over the tropics and in
the 100–15 hPa stratosphere over the NH mid-latitudes during
the ENSO have been discussed in previous studies (Fig. 2b and e;
Manzini, 2009; Ineson and Scaife, 2009). In particular, strong
positive CCs with ENSO in the NH mid-latitudes are shown over
the low stratospheric region for Case 1 (Fig. 2b), consistent with
the AIRS/AMSU zonal-mean observations during the same period
(Fig. 1b). These ﬁgures also suggest that the ENSO-temperature
relationship has globally strengthened during the recent 9 years,
particularly in the tropics and mid-latitude regions (Fig. 2b and e).
Furthermore, Case 1 shows intensiﬁed positive CC in the tropo-
sphere and negative CC in the stratosphere with a strong dipole
pattern in a vertical direction over the tropics, compared to Case2. This indicates the recently enhanced inﬂuence of ENSO on the
upper and lower atmospheric temperature over the tropics,
implying a more unstable tropical atmosphere due to the ENSO
effect on tropospheric warming and stratospheric cooling over the
region (Fig. 2b).
The teleconnections from the relationship between tempera-
ture and the three indices have also been intensiﬁed and localized
in the Southern Hemisphere (SH) during the recent 9 years
(Case 1; Fig. 2a–c), compared to Case 2 (Fig. 2d–f). The strong
CC patterns above 100 hPa in Fig. 2c and f show that QBO
dominates the stratospheric temperature variation. This effect
was particularly enhanced during the recent 9 years with sig-
niﬁcant positive and negative CCs over the SH region, although
the corresponding wind variations for Cases 1 and 2 remain
almost unchanged (Fig. 3c and f). However, among the three
major climate phenomena, the ENSO is found to lately make
the most substantial impact on the tropospheric and low strato-
spheric temperature variability over the tropics and mid-latitude
regions (Fig. 2b and d). Speciﬁcally, for Case 1 the strong dipole
patterns between the warm troposphere and cold stratosphere
over the tropics, and between the warm tropics and cold
mid-latitudes in the troposphere can lead to reinforced Hadley
circulation with steep thermal gradients (Fig. 2b).
In summary, the AO, ENSO, and QBO have affected tempera-
ture more actively for Case 1 (Fig. 2a–c) than for Case 2 (Fig. 2d–f).
For the recent 9 year period, the CCs have been enhanced in the
following regions: (1) AO—cold anomaly in the troposphere
over the SH high latitudes (Fig. 2a). (2) ENSO—over the tropics,
warm anomalies in the troposphere and cold anomalies in the
100–15 hPa stratosphere, and wave-like cold anomalies in the
upward, diagonal direction from both hemispheric mid-latitude
surfaces to the stratosphere over the tropics (Fig. 2b). (3) QBO—
cold anomalies in the stratosphere over the SH high latitudes
(Fig. 2c). The wind variability, which corresponds to that of
temperature, is not clear for the AO and QBO, but quite clear for
the ENSO (Fig. 3).
Fig. 3 shows the regression slopes between the monthly zonal-
mean zonal wind anomalies (1000–10 hPa) and the climate
indices of the AO, NINO3.4 and QBO over the globe for Cases
1 and 2, respectively, utilizing the data of the MERRA reanalysis.
The white solid (dashed) lines indicate positive (negative) regres-
sion slopes at the 95% signiﬁcance level. The CC and regression
spatial distributions for the ENSO and QBO generally show north/
south symmetric patterns over the tropics, unlike the AO
(Figs. 2 and 3). The temperature and wind distributions for AO
are clearly asymmetric with large anomalies and variability in the
NH, due to the land/ocean contrast and topography (Fig. 2a,d and
Fig. 3a,d; Thompson and Wallace, 1998, 2000). In Fig. 3a and d,
the regression patterns of wind versus AO are generally similar to
the ‘high phase’ AO noted in the study by Wallace (2000), (see his
Fig. 4 for the years 1968–1997).
Due to the interaction between wind and the three indices,
the regression values are greater for Case 1 than for Case 2 in
the following regions; (1) AO—westerly anomalies in the mid-
troposphere over the Arctic and in the layer from troposphere to
low stratosphere over about 55S (Fig. 3a and d). (2) ENSO—
westerly anomaly in the layer from mid-troposphere to low
stratosphere over the tropics, and easterly anomalies in most of
the atmosphere over about 60N and 60S, respectively, and in the
upper stratosphere over the tropics (Fig. 3b and e). Compared to
the regressions of wind with respect to either the AO or QBO,
there has been a distinctive change in wind versus the NINO3.4
between Case 1 and Case 2. Although the increase of westerly
anomaly in the troposphere of the tropical Paciﬁc during the
ENSO is well known in earlier studies (e.g., Horel and Wallace,
1981; Philander, 1990), the anomaly in this study is recently more
Fig. 3. Regression coefﬁcients (slopes) between monthly zonal-mean wind anomalies (1000–10 hPa) and the climate indices of the (a) AO, (b) NINO 3.4, and (c) QBO at
50 hPa, based on the MERRA reanalysis data over the globe from September 2002 to August 2011 (Case 1). White solid (dashed) lines stand for the positive (negative)
regression slopes at the 5% signiﬁcance level. (d)–(f) Same as in Fig. 3(a)–(c), but for the period from January 1979 to December 2011 (Case 2).
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sphere for the recent 9 years (Fig. 3b). This tends to be somewhat
stronger in the SH tropics than in the NH one. IPCC (2012)
reported that the recent El Nin˜o events tend to be centered more
in the central equatorial Paciﬁc than in the eastern Paciﬁc (Yeh
et al., 2009), and their intensities increased in the former region
(Lee and McPhaden, 2010). On the other hand, the wind change
for the two other climate indices (AO, QBO) between the two
Cases is relatively weak, particularly for the mainly stratospheric
phenomenon of the QBO.
The warm anomalies in the low stratosphere over the NH mid-
latitudes during the ENSO (Fig. 2b and e) have been known to beassociated with the polar vortex (Fig. 3b and e), of which strength
can depend on the phase of the AO (Thompson and Wallace,
2000; Wallace, 2000). Thompson and Wallace (2000) reported
that anomalously strong westerlies north of 45N, related with the
AO, were linked to easterly anomalies around 35N and in the low
troposphere over the tropics, leading to stronger trades, as shown
in Fig. 3d. However, the easterly anomalies for the AO in our study
are extended into the tropopause or the low stratosphere over the
tropics, and furthermore, the upper atmosphere around 25S via
the equator. This tendency for the AO is likely related to the warm
anomalies in the 100–20 hPa low stratosphere over the tropics
(Fig. 2a; for the NH winter, see also Thompson and Wallace
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between the ENSO and AO, based on thermal teleconnection and
wind circulation. Mu¨ller and Roeckner (2006) reported some
evidence of the interaction between the ENSO and NAO over the
Atlantic Ocean.
According to Wallace (2000), who has primarily concentrated
on wintertime (January–March; JFM), cold temperature anoma-
lies in the low stratosphere due to enhanced easterlies in the
tropopause (200 hPa) around 30N can be associated with warm
anomalies in the low stratosphere over the tropics. In previous
studies (Thompson et al., 2000; Wallace, 2000), the AO explained
over 30% of the JFM warming of the NH continents. Based on the
above results, it is seen that the AO has a teleconnection in
temperature from the mid-latitude surface to the low strato-
sphere over the tropics (Figs. 2d and 3d). The relation between
temperature and wind in the meridional distribution for the AO
has been comprehensively studied by Wallace (2000), and has
been explained in terms of the ﬂux of planetary waves (e.g.,
Rossby waves) and Brewer–Dobson stratospheric circulation.
Since the Brewer–Dobson circulation affects the ozone transport
from the tropics into the polar stratosphere, the amount of ozone
and the temperature in the layer depend on the intensity of the
circulation, implying a coupling between the tropospheric AO and
the low stratospheric condition (Baldwin and Dunkerton, 1999;
Wallace, 2000).Fig. 4. Differences of zonal mean temperature values (a) between Period 2
(September 1992–August 2001) and Period 1 (September 1982–August 1991),
and (b) between Period 3 (September 2002–August 2011) and Period 2. Here,
‘Period 3’ (i.e., Case 1) is the most recent time frame when the AMSU data is
available.5. Tropospheric and stratospheric temperature trends from
the MERRA reanalysis
Temperature trends in the layer (1000 hPa–10 hPa) have been
examined for the following three periods: Period 1 (P1, Septem-
ber 1982–August 1991), Period 2 (P2, September 1992–August
2001), and Period 3 (P3, September 2002–August 2011) (Fig. 4).
As aforementioned, ‘Period 3’ corresponds to ‘Case 1’ when the
AIRS/AMSU data is available for the observational input to
MERRA. This analysis may be useful to understand the inﬂuence
of satellite observations on the MERRA reanalysis data as well as
the decadal trends. Since the background temperature trends of
both the troposphere and the stratosphere may have an inﬂuence
on the relationship between temperature (or wind) and the
climate indices for the two Cases (e.g., Trenberth and Hoar,
1996; Mu¨ller and Roeckner, 2006; Scaife et al., 2009), this issue
has been investigated by scrutinizing the difference in tempera-
ture trends among the three periods.
Although the inﬂuence of tropospheric warming on global
climate change is still an open question (Trenberth and Hurrell,
1994), there are some possible connections between them in the
atmospheric climate models. For instance, Scaife et al. (2009)
found a strong relationship between the Southern Oscillation (SO)
and the global warming rate by comparing the climate model
simulations. Trenberth and Hoar (1996) suggested that the ENSO
pattern might change more likely due to global warming and an
increase in greenhouse gases than natural decadal-timescale
variation. Moreover, under global warming based on coupled
model calculations, ENSO events tend to occur more in the central
equatorial Paciﬁc region than in the eastern Paciﬁc (Yeh et al.,
2009); further, their intensities in the former region are also
increased (Lee and McPhaden, 2010). In addition, Mu¨ller and
Roeckner (2006) reported that an accurate estimation of ENSO in
a future climate from a coupled climate model could be limited by
uncertainties due to future greenhouse gas or aerosol forcing.
However, so far, various model simulations suggest that the
intensities in ENSO variability, as a result of global warming and
increased greenhouse gases, do not agree with each other andthus, their conﬁdence level is low (e.g., van Oldenborgh et al.,
2005; Cherchi et al., 2008; Collins et al., 2010; IPCC, 2012).
Fig. 4a shows the difference in the zonal mean temperature
between Period 2 and Period 1 (i.e., P2 minus P1); the difference
of P3 minus P2 is presented in Fig. 4b. Each period corresponds to
a 9 year term within the past three decades, approximately for
Case 2. The datasets have been rebinned by the same term,
because the satellite AIRS/AMSU observations for P3 is our main
concern. It can be seen that tropospheric warming and strato-
spheric cooling have persistently occurred in the thermal trend
differences (P2 minus P1, P3 minus P2). Tropospheric warming
was a little stronger in the recent period (P3) and particularly
near the tropopause over the polar regions. However, the atmo-
spheric background trends basically remained almost unchanged
in the last three decades, inducing radiatively more unstable
conditions from tropospheric warming and stratospheric cooling.
According to IPCC (2007, 2012), the observational trend, similar to
the MERRA estimate of our study, is very likely because of the
combined effects of increasing greenhouse gases and strato-
spheric ozone depletion.
In order to examine an interannual variation of temperature
associated with ENSO phenomena and volcanic eruptions, we
have analyzed the zonal mean temperature anomalies of the
MERRA reanalysis as a function of time and latitude at four
pressure altitudes (50 hPa, 200 hPa, 500 hPa and 975 hPa) over
the globe for Case 2 (Fig. 5). The altitudes approximately corre-
spond to the layers of the low stratosphere, tropopause,
mid-troposphere, and surface. The characteristics of tropospheric
warming in the layer of 200–975 hPa and stratospheric cooling at
50 hPa with time are remarkable. The warming occurs in the
Fig. 5. Zonal mean temperature anomalies of MERRA reanalysis as a function of time and latitude at four pressure levels, (a) 50 hPa, (b) 200 hPa, (c) 500 hPa, and (d)
975 hPa, over the globe from January 1979 to December 2011 (Case 2). Here, the symbols of ‘black and red arrows’ stand for major ENSO events and volcanic eruptions,
respectively. Note that the ordinate scale (5 K–5 K) of Fig. 5(a) differs from those (2 K to 2 K) of Fig. 5(b)–(d). (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)
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recent 9 years. This is consistent with IPCC (2007), report-
ing that tropospheric warming over the tropics is likely to
increase with altitude. Since 1993, stratospheric cooling has
become more distinct. The warming trend at 200 hPa is
prevailing in the tropics and mid-latitudes, but is not clear in
the high latitude and polar regions. This suggests that the
tropopause (that is assumed as a constant level at 200 hPa
in this study) could vary with latitudes, and thus, it may
correspond to the low stratosphere in the polar regions
(e.g., Hartmann, 1994).
Fig. 5 also shows the major events of the ENSO and volcanic
eruptions as a function of time and latitude. For instance, the two
volcanic eruptions of El Chichon (17.4N, 93.2W) in August 1982
and Pinatubo (15.1N, 120.4E) in August 1991 are represented as
warm anomalies at 50 hPa. In addition, the tropospheric warm
anomalies due to the ENSO events are seen most prominently
during the 1997–1998 event. This tendency was more salient
in the middle and upper tropospheric layers of 200–500 hPa
than in the near surface (975 hPa). Tropospheric warming due
to the major 1982–1983 ENSO was not as intense as the ones
in 1997–1998 and 2009–2010. The 1982–1983 ENSO inten-
sity would be partially masked by the tropospheric cooling
due to the El Chichon volcanic eruption (Wielicki et al., 2002).
The effect of other ENSOs on tropospheric warming can also be
noted for the periods of 1991–1992, 2002–2003, 2004–2005, and
2006–2007.6. Comparison in the thermal trend between AMSU
and MERRA; temperature versus climate indices
We used the data from both satellite AMSU observations and
MERRA reanalysis in order to analyze the relative intensity in climate
variability in association with the AO, ENSO, and QBO in the same
domain of space-time. The satellite AIRS/AMSU data were used as
observational input to the MERRA reanalysis (Rienecker et al., 2011),
and thus, both datasets are partially dependent. Also, the artifact
pattern due to additional AIRS/AMSU input to MERRA has not been
identiﬁed in the reanalysis time series for the year 2002. However,
since the two datasets also have some different basic features (e.g.,
weighting functions in the satellite data), it is important to interpret
their results in terms of the relationship between temperature vs.
climate indices. Fig. 6 shows the spatial distribution of the correlation
coefﬁcient between the low stratospheric temperature anomalies at
50 hPa and climate indices (AO, NINO3.4, QBO), derived from the
AMSU and MERRA data from September 2002 to August 2011 (i.e.,
Case 1, Period 3). The correlation values of temperature with respect
to the climate indices are shown in Fig. 6a–c and d–f for the AMSU
and the MERRA reanalysis, respectively. The black solid lines indicate
the correlation coefﬁcients at the 5% signiﬁcance level.
Globally, the correlation values (temperature vs. AO) of the
MERRA reanalysis agree well with those of AMSU (Fig. 6a and d).
They were more variable in the NH than in the SH, showing marked
dipole patterns in the middle and high latitudes. However, in the
tropical central and eastern Paciﬁc Ocean, there was a disagreement
Fig. 6. Correlation coefﬁcients between the AMSU 50 hPa temperature anomalies and the (a) AO, (b) NINO3.4, and (c) QBO at 50 hPa indices from September 2002 to August 2011
(Case 1). Black solid lines stand for the correlation coefﬁcients at the 5% signiﬁcance level. (d)–(f) Same as in Fig. 6(a)–(c), but for MERRA 50 hPa temperature anomalies.
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AMSU shows strong negative correlations over the region, while in
MERRA, the negative correlations appear extensively in the belt over
the tropics south of the equator. The negative correlation values of
MERRA over the ocean were underestimated by 0.2, compared to
those of AMSU. The datasets of AMSU and MERRA in the correlation
(temperature vs. QBO) are in good agreement with each other, except
over the tropics following the equator (Fig. 6c and f). The discrepan-
cies in QBO between the satellite and reanalysis data also appear over
the tropics. The cold and warm anomalies of MERRA are considerably
greater than those of AMSU. Moreover, positive correlations of the
reanalysis were overestimated by 0.2, compared to those of the
satellite observation. Overall, the MERRA correlation distributions of
temperature vs. three climate indices are in good agreement with
those of AMSU.
Fig. 7 shows the discrepancy in the correlation between AMSU
and MERRA in the mid troposphere (500 hPa), which is similar
to Fig. 6. In the relationship of temperature vs. AO, the spatialdistribution of MERRA over the globe agrees well with that of
AMSU, particularly in the NAO regions of the North Atlantic and
Europe (Fig. 7a and d). The AO has an equivalent barotropic
structure from the surface into the low stratosphere (Thompson
and Wallace, 1998) with baroclinic eddy forcing, associated with
the intensity of the polar jet and the AO index (Tanaka and
Tokinaga, 2002; Seki et al., 2011). The vertical features with the
baroclinic structure are also shown in our study (Table 2,
Figs. 2a,d, 6a,d, and 7a,d). The correlation (temperature vs.
NINO3.4) shows that positive values of MERRA over the tropical
Paciﬁc and the Indian Ocean are underestimated by 0.2, compared
to those of AMSU (Fig. 7b and e). The relationship between the
temperature and the QBO indicates that negative correlations of
MERRA along the equatorial belt are not consistent with the
positive ones of AMSU (Fig. 7c and f). Compared to AMSU, the
MERRA values (temperature vs. QBO) along the belt are under-
estimated in the mid-troposphere, but overestimated in the low
stratosphere (also see Fig. 6c and f). By and large, the MERRA
Fig. 7. Correlation coefﬁcients between the AMSU 500 hPa temperature anomalies and the (a) AO, (b) NINO3.4, and (c) QBO at 50 hPa indices from September 2002 to August 2011
(Case 1). Black solid lines stand for the correlation coefﬁcients at the 5% signiﬁcance level. (d)–(f) Same as in Fig. 7(a)–(c), but for MERRA 500 hPa temperature anomalies.
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indices agrees well with AMSU, particularly in the AO case.7. Conclusion
The main goal of this study is to utilize observations from the
most satellite-rich period of recent decade. To address a potential
concern on the short data record, we also conducted the same
analysis with MERRA reanalysis data. The analysis not only conﬁrms
the results from shorter term satellite data, but also it provides a
chance to address the potential impact of the long-term change in
satellite data used in MERRA assimilation system. A number of
satellite measurements (AIRS/AMSU, MODIS) and the MERRA rea-
nalysis have been utilized to analyze the relative intensity in the
climate variability (AO, ENSO, QBO) in terms of the zonal-mean
temperature and zonal wind variations over the globe from
September 2002 to August 2011. We also extended the usage ofMERRA data for the period of 1979–2011, and three climate indices
of AO, NINO3.4, and QBO were used as the corresponding climate
indicators.
The correlation coefﬁcients in the anomaly time series between
temperature and the indices indicate that the tropospheric tempera-
ture variability in the mid-latitude (30–60N) is linked primarily to the
AO, and to ENSO, but to a lesser extent. On the other hand, the low
stratospheric temperature variability in the belt is mainly associated
with ENSO and QBO. The north–south symmetric patterns over the
globe have been found in the wind anomaly distributions for the
ENSO and QBO, but not for the AO.
The teleconnections for ENSO have been globally more inten-
siﬁed and localized during the recent 9 years, compared with
those based on the extended dataset (1979–2010). Based on the
recent nine year data, the ENSO phenomena are found to have a
signiﬁcant impact on the tropospheric and the low stratosphere
temperature variability over the tropics and are consistent with
the zonal-wind meridional circulations. It is also seen that
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temperature over the mid-latitude region.
In our study, the recent enhanced ENSO activities are important
because the NAO variability is expected to become more dependent
on the ENSO in future climate changes (Mu¨ller and Roeckner, 2006).
Mu¨ller and Roeckner (2006) suggested that the mechanisms in the
interaction between the two phenomena could include atmosphere–
ocean teleconnections or a direct connection through the troposphere
or stratosphere. However, in spite of more intensiﬁed ENSO in the
recent period, the AO and QBO variability in this study did not
increase signiﬁcantly (note that we examined the data of four seasons
not just the winter case). Even though we have used monthly data
without seasonal separation, the results are generally consistent with
previous results (e.g., Thompson and Wallace, 1998, 2000; Manzini,
2009), likely due to the larger variability of ENSO and AO during
winter.
Tropospheric warming and stratospheric cooling have been
obtained from the MERRA 33 year data, although their linkage to
the ENSO variability is still uncertain, as addressed by the IPCC
(2012). The warming is more prominent in the middle and upper
troposphere than it is near the surface. The MERRA data are useful
for indicating tropospheric warming induced by the ENSO events
as well as low stratospheric warming from volcanic eruptions.
The MERRA data generally agree well with those of AMSU in
the distribution for the correlation of temperature vs. climate
indices (AO, NINO3.4, and QBO). The MERRA for the AO case is
more consistent with AMSU than for the ENSO or QBO cases.
The relationship between tropospheric global warming in Fig. 4
and the three major phenomena of our study is an open question
due to our current limited understanding (i.e., natural and
internal variability, non-linear dynamics, model parameteriza-
tions, troposphere–stratosphere coupling, and so on) and model
limitations (IPCC, 2012). The interactions between the major
phenomena in their extreme phases for a month (e.g., Lim and
Schubert, 2011) have not been examined in our analysis. Hence,
more investigations are needed for such issue. This study
attempted to estimate the relative impact of the three major
concurrent phenomena on regional temperature variability based
on a large scale of space and time; the results of the study will be
of great use in the prediction of long-term variability.Acknowledgement
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